A combined experimental and numerical study has been conducted in order to investigate the turbulent flow in a heated rotor-stator cavity of low gap ratio, subjected to a superposed centripetal flow. In the scope of this work, the fluid can be considered as incompressible, with the consequence that the heat transfer process is dissociated from the dynamical effects. The flowfield is characterized by two separated Ekman layers and a core region.
Detailed velocity measurements have been carried out. Reynolds stresses were examined in great detail using hot wire measurements, whereas temperature-velocity correlations were obtained using combined hot wire. cold wire measurements. The temperature distribution was specified on the stator and heat fluxes were measured with fluxmeters.
Numerical simulations of the above configuration have been carried out with the following turbulence models : a two equation k-1 model, an Explicit Algebraic Reynolds Stress Model (EARSM), and an anisotropic thermal extension of the k-I ASM model. The agreement between experimental and numerical results is generally good for the nondimensional velocities, except in the Ekman layer region. A comparison of Reynolds Stresses is also provided. The heat flux on the stator appears to be underestimated, due to the poor prediction of the Ekman layer zone.
The numerical study reveals the critical importance of the inlet conditions, and in particular of the nondimensional tangential velocity on the flow inside the cavity. A comparison with experimental data also confirms that the anisotropy is of importance mainly in the Ekman layer region.
Nomenclature a, Ekman number, = I/ G 2 Re G , gap ratio, = H/R H , axial clearance between rotor and stator k , thermal conductivity q , heat flux at the stator Q, volume flow rate Rs , Rossby number, = Q / 22d1R2H r , radial coordinate R .outer radius of the discs Re , rotational Reynolds number, = CIR 2/v 1, temperature T' 2 , temperature correlation C 2, dimensionless temperature correlation, = T' 2 (T 1 -T11)2 dimensionless temperature, = (T -Tu) ('ri -To) U, V, W, radial, circumferential and axial velocity components u, v, w, dimensionless radial, circumferential and axial velocity components , = U/nR. VKIR, W/GfIR U'T', V'T', temperature-velocity correlations u't', v'e, dimensionless temperature-velocity correlations, [5] .
With that aim in mind, the present work is concerned with the numerical prediction of the turbulent flow and heat transfer effects in a rotor-stator system with a superposed radial inflow. The computational method is based on the MSD Navier-Stokes solver developed at ONERA, used in conjunction with several turbulent models : the k-1, k-I RNG, k-1 ASM and an anisotropic thermal extension of the k-I ASM. Numerical results are correlated with detailed measurements of the mean flow and temperature fields as well as Reynolds stresses, temperature and temperaturevelocity correlations (6) [7] . In the following sections, the experimental and numerical procedures are described briefly. Results obtained by both methods are discussed and compared with each other.
Experimental set-up
The details of the experimental apparatus have been described in previous papers [6] (7] : it consists of two 750 mm diameter coaxial discs spaced an axial distance of 30 mm apart (G=0.08, Fig]) . The cavity can be partially obstructed by a stationary peripheral shroud, 8mm thick. The lower disc is driven by an electric motor which allows the rotational speed to be varied up to 2000 rev/mn. A rotating central hub, 180 mm in diameter, reproduces the actual layout of turbomachinery and limits the consequences of a possible minute asymmetry of the rotating disc.
To study heat transfer effects, the upper stationary disc was heated by 13 heating tapes with a total power of 5.6 kW located on the back face of the disc. The temperature distribution on the front face of the disc is adjusted by means of copper-constantan thermocouples connected to electronic temperature controllers. It should be noted that the disc temperature was only measured at the eight locations indicated in figure 1 , which correspond to the following values of r/R : 0.88, 0.83, 0.77, 0.69, 0.61, 0.53, 0.48, 0.43. Eight pellicular fluxmeters are installed at the above mentioned radial positions. The overall accuracy of the thermocouples and fluxmeters is estimated to be within -L5%.
A small radial inflow was drawn from the surrounding atmosphere through an axial duct, 100 mm in diameter, situated in front of the hub. The temperature of the inflow is kept constant and equal to 20°C. Fluid leaves the cavity through a clearance delimited by the hub and the inner radius of the stator equal to 100mm. The adjustable flow rate Q was measured by an Annubar differential-pressure device with an accuracy of 5%. All the velocity and temperature measurements inside the disc cavity have been performed simultaneously using a specific probe made of three 2.5 um in diameter wires, all located in the same plane with an angular sensor spacing equal to 120°. Two sensors, connected to a DANTEC 55M25 anemometry device, were used in a constant temperature mode while a cold wire was connected to a DANTEC 56C20 temperature bridge. The probe was introduced through the stator at the same radial locations as those mentioned above and can be axially moved using a DANTEC traversing system. The probe axis was axially oriented in order to achieve the best spatial resolution, and also to provide simultaneously the mean radial and circumferential velocity components U , V. the corresponding turbulent correlations U' 2, V'2 and U'V', the mean fluid temperature T, the temperature fluctuations T' 2 and also the temperature-velocity correlations U'T'and V'T'. With this methodology, only one traverse was necessary for each radial location. For all turbulence measurements, 100000 samples were recorded with a data acquisition rate equal to 20 kHz.
Calibration of the hot wire probes was carried out in air for several nominal fluid temperatures between 20°C and 65°C, and for velocities of fluid ranging from 5 to 60 m/s which correspond to experimental conditions. During experiments, the measured values of the temperature of fluid were used for applying an empirical correction to the hot-wire anemometers readings which had been obtained from the analysis of the calibration results. It has also been verified that there were no identifiable effects of possible probe interference on the velocity and temperature sensors.
In the present study, the cavity was completely open at the periphery. The aspect ratio and Reynolds number were fixed respectively to 0.08 and 1.47 10 6 (i.e. EJc=1.06 ID"), which correspond to a turbulent flow regime with two separate boundary layers. Only one dimensionless inflowrate was tested : Rs = 16.7 10' 3. The heated disc temperature distribution was maintained as steady and uniform as possible, within ± 3 °C, with a mean value of a approximately equal to 0.12.
Computational model
The MSD code solves the unsteady, three-dimensional, Reynolds-Averaged. Navier-Stokes equations, for a mixture of perfect gases [8] . The discretization is based on finite volume techniques on curvilinear structured grids. The time integration can be either explicit, then a predictor-corrector scheme is used, or implicit with first or second-order accuracy. The implicit algorithm uses a classical ADI factorisation. All the calculations presented below were carried out using the implicit algorithm, with second-order accuracy, to obtain the stationary solution.
The spatial discretization scheme is second-order accurate. The Euler fluxes are evaluated through a "Flux Difference Splitting" TVD scheme. The viscous fluxes are calculated at the center of cells and then interpolated on the cell interfaces.
The MSD standard turbulence model is a two equation k-I model, based on the Boussinesq approximation. The transport equations for k and 1 read: Six domains were used in the computation, in particular to model satisfactorily the inlet conditions in the cavity. The modeling of the immediate vicinity of the test rig appears to be critical in the results obtained. The number of domains and the refinement of the mesh can be modified during the computation.A polynomial fit was used to provide the radial temperature distribution on the stator. As no temperature measurements were available for the rotor, it was assumed to be adiabatic. Specifying a uniform ambient temperature on the rotor does not create major changes in the Nu distribution on the stator, the difference being less than 2%. This aspect does not appear to be critical in our computations.
Dk
No-slip conditions were used for the velocity components on the solid surfaces. At the inlet (boundary I, Fig. 2 ) the total pressure distribution was specified, and the static pressure was gradually reduced at the outlet (boundary 2, Fig. 2 ), until the prescribed mass flow rate was attained.
The results presented were obtained on a 15965 grid (y-i-a-2), for the cavity itself. They were found to be very similar on a 159•26 grid, the difference for the Nusselt number being in a 3% range. A correct description of a similar configuration (rotor stator cavity with a radial outflow) with a law of the wall approach has already been obtained, and is attributed to the MSD k-I model, where the usual cross diffusion term (depending on the gradient of k) is ignored.
Results and discussion

Velocity profiles
The flow structure is essentially similar to that found under isothermal conditions DI : there is radial outflow on the rotor, radial inflow on the stator and between these boundary layers an inviscid core in which UM:) and W=ctillt in a first order approximation. However, the fluid inside the central core does not rotate as a solid body : a zdependence is observed on the velocity profiles, mainly in the case of the radial component. The core-swirl ratio increases as r decreases and becomes larger than 1 for r/R.43. The computations carried out with different turbulence models generally give a good estimation of the non dimensional velocities. In particular, there is a good agreement on the radial evolution of the core velocity, although all models fail to capture the tangential velocity gradient in the core region, near the hub.
Computations carried out during the past years have failed to exhibit such an agreement, mainly because of a bad description of the inlet conditions. Depending on the pressure distribution specified on the external boundaries, the swirl ratio of the flow penetrating in the cavity varies between 0. and 0.2, the measured values being closer to 0.15-0.2. That swirl ratio is very relevant as a value of 0. at the inlet can lead to a value of 0.7 near the hub, largely underestimating the measured one. That underestimation was precisely the result observed for computations carried out in the past. 
Fig. 5 Computed and measured non-dimensional radial velocity profiles
The comparison between the experimental and computed radial velocity profiles confirms that the Ekman layers are not satisfactorily described especially near the stator, the gradient in the core region being also too steep. The Ekman layer thickness near the stator appears to be underestimated, which also accounts for the overestimation of the tangential velocity in that region.
The mass flow rates entrained in the amen layers near the stator and the rotor are overestimated. The global mass flow rate is valid, but only represents the difference between the centripetal and centrifugal Ekman layers. It must be remembered that the velocity distributions are not prescribed at the inlet, and the overestimation of the entrained mass flow rates in the Ekman layers can be exhibited for r/R=0.88. The boundary conditions could be modified, but local velocity measurements at the inlet would be required.
The comparison between the various turbulence models reveals some differences, but globally all profiles appear to be self-similar. The standard k-I model overestimates the core tangential velocity for all radii. The k-I RNG and k-I ASM models overestimate this entrainment coefficient for r/R >0.62, but provide values very close to those obtained experimentally for r/R<0.61. The larger variation observed for the k-I ASM model is probably due to the influence of the rotation tensor on the description of turbulence.
The k-I ASM provides an estimation of the Reynolds stresses that can be compared with experimental values (Fig.6) . The throughflow has a significant effect on the turbulent correlations, distorting and increasing the turbulence tensor. The present results show that the measured level can reach 5.0x10 4 in order of magnitude inside the central core (Fig.6 ). The normal turbulent stresses are maximum near the stator, in the Satan layer, but the level of the peak is underestimated by the computation. In the core region, the circumferential normal stress is reasonably described by the ASM model, even if it slightly underestimates it. On the other hand, the radial stress is poorly predicted by this model. This comes from the gradient description in that region. There should exist a gradient for the circumferential velocity, but no model exhibits such a behavior. The major gradient is the axial gradient of radial velocity, which creates the radial stress. As this gradient is overestimated in the core region, the radial stress is too strong.
The hierarchy of Reynolds stresses is therefore not respected in the core region, even if the major normal stress is well predicted. Experimentally, the circumferential stress is the dominating one in the whole cavity. For z/H=0.5, the flow is strongly anisotropic, as the circumferential stress is twice as important as the radial one (Fig.6 ). This differs from the data obtained by ltoh et al for a closed cavity [9] , where the isotropy was recovered in the mid core region.
Heat Transfer results
The temperature field inside the cavity exhibits a steep temperature gradient close to the walls, which confirms the presence of thermal boundary layers, whereas t is nearly constant in the core region ( Fig.7) . Comparison with velocity profiles indicates that the thermal boundary layer thickness at the stator is larger than that of Ekman boundary layer. This is confirmed by the computations. although the simulation also underestimates the thermal boundary layer thickness. The description of the thermal boundary layer is not really improved by the thermal =isotropic model.
In the core region, t increases in the radial direction from the periphery to 0.61 < r/R <0.77. This variation is closely linked to the inlet conditions and seems to occur in a peripheral recirculating zone. On the contrary, for smaller values of r, the temperature reaches a maximum value approximately equal to 0.32.
The level of t' 2, u't' and v't' reaches le in magnitude in the central core ( Fig.8 ). Only one peak emerges in the thermal boundary layer of the stator, which seems to correspond to the interaction between the injected fluid and the heated wall. Generally speaking, the level of t' 2, u't' and v't' has been found to be higher when no superposed inflow is assigned [4] . No comparison with numerical results was done on those data.
The heat flux includes both the convective flux from the disc to the cooling air, q0, and the radiative flux from the stator to the rotor, q,. The latter was calculated from = ae(T: -T:m) where a is the Stefan-Boltzmann constant [10] . Here, the temperature of the rotor is assumed to be ambient, and the radiative flux is therefore probably overestimated. An emissivity of 0.95 was adopted. Figure 9 shows the radial variation of the local heat flux, with and without correction for the radiative part, as well as the comparison with numerical results. The agreement is reasonable but the computation underestimates the experimental values by approximately 20%. The difference can be attributed to the fairly poor description of the Ekman Layer, whose thickness and turbulence levels were proven to be underestimated.
When taking into account the variations of the temperature distribution of the stator, the radial evolution of the Nusselt number is not significant enough to come to definite conclusions. Moreover, it has been proven experimentally that Nu is an increasing function of the Rossby number [4] .
One plausible explanation for the maximum value of Nu observed at r/R4.83 lies in the probable contact between the cold injected fluid and the heated stationary wall. 
S. Conclusion
An experimental rotor stator test rig has been used to perform combined hot wire -cold wire measurements inside the cavity, with a centripetal inflow, as well as heat transfer measurements on the stator.
Detailed velocity and temperature measurements were obtained at eight different radial locations. The Reynolds stresses and temperature-velocity correlations were also examined in great detail. The influence of the rotational speed and the inlet mass flow rate were studied. For a given rotational speed (R1.47x10 6) the nondimensional tangential velocity and the Nusselt number increase with increasing flowrate. The tangential normal stress is dominant inside the cavity and the flowfield is still strongly anisotropic in the inviscid core. A peak of turbulent stress is found in the Ekman layer near the stator.
The MSD Navier-Stokes solver, developed at ONERA, was used to study the case for Re=1.47x10 6 and Rs= I 6.7x I 04. Various turbulence models were applied, namely the k-I. k-I RNG. k-I ASM and an anisotropic thermal extension of the k-I ASM. The agreement between measured and computed results is mainly good. except in the all important Ekman layer on the stator side, and near the hub where the models fail to predict the existence of a z-dependance of the flow, for the velocity field. The k-I RNG and k-1 ASM models appear to perform better, but the velocity profiles are self-similar.
Concerning the heat transfer measurements, a simple radiative correction has been applied, assuming that the rotor temperature is ambient. The computed results underestimate the measured fluxes by 20 %, which can be related to the underestimation of the turbulence rate on the stator Ekrnan layer.
